INTRODUCTION
============

With advances in radiological diagnostic imaging for cerebrovascular disease, detection of unruptured intracranial aneurysm (UIA) is increasing, leading to growth of its preventive clipping surgery. Chronic subdural hematoma (CSDH) as an unexpected complication following surgical clipping of UIA is well known. In these studies, predicting factors such as male sex, advanced age, brain atrophy have been commonly included[@B7][@B10][@B14][@B15].

In our knowledge, there were few literature about CSDH following surgical clipping of ruptured intracranial aneurysm (RIA) because of its low incidence. A study reported that incidence of postoperative CSDH was 2.8% in UIA and 0.9% in RIA respectively[@B14]. However, The reason that CSDH occurs more frequently in UIA than in RIA has not been studied in detail. Therefore, we investigated the differences in the incidence, predicting factors, and clinical course of CSDH following surgical clipping between UIA and RIA.

MATERIALS AND METHODS
=====================

Patient populations
-------------------

A total of 782 intracranial aneurysm clipping surgery was performed in our hospital from January 2005 to December 2012. Among them, 368 and 414 patients of UIA and RIA were treated with surgical clipping respectively. 30 patients with mortality within one month in RIA were excluded in this study. A total of 752 patients were included in this study.

We reviewed medical records containing data on sex, age, smoking, alcohol, the use of anti-thrombotics, hypertension (HTN), diabetes mellitus (DM), and previous cerebrovascular accident (CVA) history. Location of the aneurysm was categorized as the proximal anterior cerebral artery (ACA), distal ACA, middle cerebral artery (MCA), internal carotid artery (ICA), posterior circulation, and multiple aneurysms in separate locations. The proximal ACA classification included A1, anterior communicating artery (AcoA) and proximal A2; and distal ACA included distal A2 and A3.

For the UIA, there were 354 cases (96.2%), which were incidentally detected on checkup or due to previous stroke, and 14 cases (3.8%) which were found due to a neurological deficit related to mass lesion. Surgery proceeded after a pre-operative risk assessment, taking into account patient\'s age and medical history, and the location, size, and shape of the aneurysm. For the RIA, early emergency surgery was performed in most cases where possible.

Craniotomy was performed through a pterional, interhemispheric, orbitozygomatic, or suboccipital approach, according to the location of the aneurysm. The aneurysm was exposed by excising the arachnoid membrane, and the cerebrospinal fluid (CSF) was partially drained to enable full visualization during the operation and to encourage brain relaxation. In the RIA, CSF was drained through an intraoperative ventriculostomy in some cases to improve cerebral edema and to overcome the CSF circulation defect. Arachnoid plasty for the closure of the excised arachnoid membrane after aneurysm clipping was not performed in both UIA and RIA.

Radiological evaluation
-----------------------

We reviewed preoperative radiological data containing the degree of brain atrophy in UIA and the Hunt and Hess grade and Fisher scale in RIA. The degree of brain atrophy in UIA was classified by analyzing the axial plane of the preoperative brain CT. Grade 1 was defined as no atrophy with thickness of sulci of cerebral cortex below 1 mm; grade 2 was defined as mild atrophy with thickness above 1 mm and below 3 mm; grade 3 was defined as definite atrophy with dilated sulci thicker than 3 mm and a widened Sylvian fissure; and grade 4 was defined as severe atrophy with the features of grade 3 plus an enlarged subdural space ([Fig. 1](#F1){ref-type="fig"}).

The postoperative radiological data was reviewed in detail. CT imaging was performed in all patients immediately after surgery, and the subdural space consisting of pneumocephalus and subdural fluid collection (SFC) below the bone flap was measured by examining the axial plane. For degree of postoperative pneumocephalus, a minimal air-bubble sign was classified as grade 1, air thickness below 10 mm as grade 2, air thickness above 10 mm accompanied by compression of the cortex as grade 3, and huge compression of the cortex signified by the Mount Fuji sign as grade 4.

We measured the attenuation in Hounsfield (HF) units of SFC below the bone flap, which meant the degree of blood clots in the subdural space. The thickness of SFC was measured as the maximal distance between the inner table of the skull and the cerebral cortex. However, SFC thickness was not determined from immediate postoperative CT, because brain traction during the operation, migration within the cranial cavity caused by gravity, the presence of pneumocephalus would result in an inaccurate measurement. As most of these factors disappeared after a few days in most cases, SFC thickness was measured again at 8 days CT after surgery.

SFC was classified according to its thickness and progression patterns : In the UIA, SFC below 5 mm was classified as I~A~, and SFC above 5 mm as I~B~. In the RIA, II~A~ was defined as SFC below 5 mm without progression to hydrocephalus, II~B~ as SFC below 5 mm with progression to hydrocephalus, II~C~ as SFC above 5 mm without progression to hydrocephalus, II~D~ as persisting SFC above 5 mm and diversion to internal hydrocephalus, and II~E~ as persisting SFC above 5 mm where surgical treatment was conducted while external hydrocephalus was maintained.

Clinical outcome
----------------

Subsequently, imaging studies were performed regularly throughout the long-term follow-up period. clipping-related CSDH was defined as CSDH following aneurysmal clipping without a history of head trauma. For asymptomatic patients with CSDH, conservative management was performed through serial follow-up examination regardless of hematoma volume. In particular, CT imaging was performed immediately if clinical symptoms developed acutely. For symptomatic patients who developed neurological deficits such as headache, vomiting, or hemiparesis, surgical treatment was performed. Symptoms, previous head trauma history, time interval between aneurysmal clipping and detection of CSDH, side of CSDH, surgical method, presence of recurrence, and pre- and post-operative Glasgow Coma Scale (GCS) and modified Rankin Score (mRS) were examined for patients who developed CSDH.

Statistical analyses
--------------------

SPSS 18.0 for Windows was used for statistical analysis in this study. We described the general characteristics of the patients through descriptive statistics. Chi-square tests were carried out for categorical variables to confirm whether there were any significant predictive factors for CSDH following surgical clipping of intracranial aneurysm. Logistic regression analysis was carried out to elucidate the predictive factors among the variables, and the potential candidates for predictive factors were confirmed through calculation of the odds ratios (ORs) and 95% confidence intervals via univariate analysis. Significant factors through multivariate analysis were selected to determine independent predictive factors for CSDH development, and results with *p*-values of less than 0.05 were considered significant.

RESULTS
=======

Incidence of clipping-related CSDH
----------------------------------

Patient characteristics of all 752 patients who were treated with aneurysmal clipping was summarized in [Table 1](#T1){ref-type="table"}. The median CT follow-up period was 169.5 days (range 14--3305 days), and the median outpatient department follow-up period was 783.5 days (range 28--3381 days). The total population comprised 266 men and 486 women, and mean age was 57.73±11.31 (range 15--88). CSDH developed in 52 patients (6.9%), of which 18 patients required surgery (2.4%).

The UIA group included 368 patients (121 men and 247 women), and mean age was 58.97±9.55 (range 16--79). CSDH developed in 40 patients (10.9%), of which 14 patients required surgery (3.8%). The RIA group included 384 patients (145 men and 239 women) and mean age was 56.55±12.67 (range 15--88). CSDH developed in 12 patients (3.1%), of which 4 patients required surgery (1.0%). The incidence of postoperative CSDH was higher in the UIA than in the RIA (*p*=0.000), and the incidence of CSDH requiring surgery was also higher in the UIA than in the RIA (*p*=0.013) ([Table 2](#T2){ref-type="table"}).

In a total of 52 patients who developed CSDH, it occurred on the ipsilateral side to the craniotomy in 50 patients and on the contralateral side in 2 patients, all of them did not have a history of head trauma. The mean interval between aneurysmal clipping and detection of CSDH was 62.88±28.29 days (range 23--197 days). Neurological symptoms such as headache, hemiparesis, confusion, and dysarthria occurred in 18 patients, burr-hole trephination and irrigation surgery was successfully performed in all of whom. The interval between aneurysmal clipping and burr-hole trephination was 66.78±18.11 days (range 41--120 days). None of the 18 patients showed impairments of daily living or permanent neurologic deficits caused by complications from or recurrence of CSDH ([Table 3](#T3){ref-type="table"}).

Predicting factors for development of CSDH
------------------------------------------

Variables associated with CSDH following surgical clipping of UIA were listed in [Table 4](#T4){ref-type="table"}. We found that significant individual variables for CSDH development were male sex, age ≥60, high degree of brain atrophy, blood clots in the subdural space (HF unit ≥40) and SFC thickness ≥5 mm in the CT immediately after operation, and SFC classification I~B~. However, smoking, alcohol, the use of anti-thrombotics, HTN, DM, previous CVA history, location of aneurysm, surgical approach, and postoperative pneumocephalus were found to be unrelated.

Variables associated with CSDH following surgical clipping of RIA were also listed in [Table 5](#T5){ref-type="table"}. Fisher scale 1--2, blood clots in the subdural space and SFC thickness ≥5 mm in the CT immediately after operation, and SFC classification II~C~ were correlated with CSDH development. Unlike the UIA, there were no associations with sex or age. CSDH development was higher in the Fisher scale 1--2 than in the 3--4, and CSDH did not develop in any patients in whom the Hunt and Hess grade was 4--5.

The potential factors determined by chi-square tests were confirmed to be identical to the significant factors identified by univariate analysis. Factors that satisfied the criterion of *p*\<0.05 were selected for multivariate analysis. These data confirmed that blood clots in the subdural space was an independent factor in both UIA and RIA. SFC I~B~ in the UIA and SFC II~C~ in the RIA were also independent factors. On the other hand, although male sex was an independent factor for the UIA, this factor was not a significant factor for the RIA.

Factors affecting clinical outcome of CSDH
------------------------------------------

Although brain atrophy was not independently associated with a CSDH development, we think that brain atrophy and postoperative CSDH would be quite associated. A few factors according to the degree of brain atrophy are listed in [Fig. 2](#F2){ref-type="fig"}. As its degree increased, the percentage of patients with male sex, age ≥60, SFC thickness ≥5 mm in the CT immediately after operation, and SFC category I~B~ generally increased, and the incidence of postoperative CSDH also showed a tendency to increase.

Rates of postoperative CSDH according to the classification of SFC are also different. CSDH following aneurysmal clipping appeared in the order of I~B~, II~C~, II~D~ with differences between groups showing statistical significance. SFC I~B~ in UIA that persists SFC thickness ≥5 mm showed the highest percentages of CSDH development (24.2%), and SFC II~C~ in RIA that persists SFC thickness ≥5 mm without progression to hydrocephalus was followed (14.5%) (*p*=0.010). However, despite the significantly prolonged duration of SFC II~D~ (27.47±218.35 days) and II~E~ (54.69±532.39 days) compared with that of II~C~ (20.49±25.89 days), CSDH were occurred in only two cases in the II~D~ and II~E~ (2.7%). Those two cases were resolved without requiring surgical treatment. In other words, CSDH occurred less frequently in case of progression to hydrocephalus in the RIA (*p*=0.010).

DISCUSSION
==========

Clinical course of CSDH in UIA
------------------------------

Several recent studies have reported that the incidence of CSDH following surgical clipping of UIA is in the range of 2.1--5.1%[@B7][@B10][@B14][@B15][@B19]. Although the incidence in the present study (10.9%) appeared to be much higher, that was due to inclusion of all CSDH cases which did not require surgery unlike other studies. The incidence of CSDH requiring surgery (3.8%) was nearly consistent with other published reports.

While it has been reported that male sex, advanced age, brain atrophy, location of the aneurysm, and the use of antithrombotic medication are the significant factors of CSDH following surgical clipping of UIA, there are some differences among the studies[@B7][@B10][@B14][@B15]. We also took into account these variables, and the results showed male sex to be an independent predictive factor, whereas the others were not. However, the present study was able to derive at the result of blood clots in the subdural space and SFC classification I~B~ (persistence of SFC ≥5 mm) through detailed review of the characteristics of SFC shown on postoperative CT images.

The first predictor for the development of CSDH following aneurysmal clipping was blood clots in the subdural space, which has not been evaluated in other researches to date. In both UIA and RIA, CSDH did not occur regardless of other factors in patients with attenuation below 40 HF units. A high HF unit indicates blood clots in the subdural space. It is speculated to be formed from bleeding of excised dura mater, or blood extravasation caused by splitting of the dura-arachnoid interface layer, a weak part of the meninges. Blood clots, well-known as the initial mechanism in CSDH formation, would form a new membrane in the subdural space through the inflammatory and fibrinolytic processes. The external part of the membrane is composed of many capillaries and sinusoids and repeatedly induces micro-hemorrhage, leading to enlargement of the hematoma[@B2][@B17][@B20]. Therefore, the most important steps to prevent the formation of CSDH are careful examination by cleaning of blood clots at the end of surgery so that there are no blood clots in the subdural space.

A potential space for SFC also needs to be present for CSDH development. Subdural hygroma is reported to transform into CSDH in 4--58% of cases[@B4][@B9]. We could observe the dead space within the subdural space on the postoperative CT, which was filled with hypodense liquid. This seems to be a subdural hygroma caused by excessive non-hematic fluid, which is known to occur commonly after minor head trauma and neurosurgical procedures[@B3][@B11]. Normally the subdural space is not large to occur CSDH, but when the arachnoid membrane is dissected to expose the aneurysm, CSF flows from the subarachnoid space into the subdural space through this passage, causing subdural hygroma.

The most commonly mentioned significant factor for subdural hygroma is brain atrophy[@B4][@B9]. As the patient gets older, resolution of subdural hygroma becomes poorer as re-expansion can be difficult due to severe brain atrophy and increased tissue stiffness. Although brain atrophy was not an independent predictive factor, our results also support this theory. As the degree of brain atrophy increased, the percentage of patients with SFC thickness ≥5 mm in the CT immediately after the operation, SFC category I~B~, and occurrence of postoperative CSDH showed a tendency to increase. Several studies including our study also report that male sex is an independent factor of CSDH following surgical clipping of UIA[@B7][@B10][@B14][@B15], and it is speculated that this result is also affected by brain atrophy as shown in [Fig. 2](#F2){ref-type="fig"}. Generally, it is known that brain atrophy is more severe in males than females as they become older, but the cause is not clearly elucidated[@B8][@B18]. Therefore, the surgical treatment necessity of UIA needs to be carefully considered when the patient has severe brain atrophy.

In addition, we should focus on how the opening of the arachnoid membrane affects the occurrence of subdural hygroma after clipping surgery. The incidence of subdural hygroma is known to be higher after clipping surgery than after other neurosurgical procedures, which is thought to be due to more extensive dissection of the arachnoid membrane compared to other procedures[@B13][@B16]. Another study suggested that location of aneurysm is suspected to be an independent factor of postoperative CSDH since MCA aneurysm needs extensive arachnoid dissection and takes longer the arachnoid healing process of sylvian fissure than that of basal cistern[@B15], but it appeared to be irrelevant in the present study. Therefore, it is crucial to prevent the occurrence of subdural hygroma by aiming for minimally invasive microsurgery through dissecting the membrane only to the degree that is necessary, and by blocking the pathway for subdural hygroma formation through arachnoid repair. There are several recent reports on arachnoid plasty using fibrinogen, thrombin, and suturing of arachnoid membrane as an effort for prevention of CSDH development; however, verification of the effects of these measures is still lacking[@B12][@B19][@B21].

Clinical course of CSDH in RIA
------------------------------

It is known that incidence of CSDH following surgical clipping of RIA is much less common[@B14], and incidence in the RIA was significantly lower than in the UIA in the present study as well. The reason for this is because this has been attributed to brain edema from occupied hematoma, and the low incidence of CSDH development at Fisher scale 3--4 in the present study can also supports this. However, almost studies in RIA were restricted to epidemiological research, detailed analyses of radiological data have not been studied. We hypothesized that the pattern of SFC according to progression to hydrocephalus may be somewhat different, and prevalence of CSDH would also be different in comparison with UIA. Based on this, we were able to determine that SFC classification II~C~ (SFC ≥5 mm without progression to hydrocephalus), along with blood clots in the subdural space were independent predictive factors.

As previously mentioned, SFC in the UIA can be explained by subdural hygroma, whereas SFC in the RIA seems to be different in its nature[@B1][@B22]. Hydrocephalus can occur as blood clots from SAH blocks the arachnoid granules, triggering an absorption defect in the CSF circulation. Thus, the pressure of subarachnoid space and ventricle containing CSF is abnormally high, and in this condition, considerable amount of CSF is constantly congested in subdural space as if a new tract is formed through the dissected arachnoid membrane. Therefore, SFC in the RIA also maintains high pressure and manifests the characteristics of external hydrocephalus, suppressing occurrence of CSDH. Huh et al.[@B6] also reported that the subdural pressure is high in SFC accompanied by external hydrocephalus.

According to the osmotic gradient theory in several pathophysiology of the development of CSDH[@B5], the wall of subdural hematoma is surrounded by semi-permeable membrane, and the inside of hematoma consists of the degradation of blood protein contents. Therefore, there is a discrepancy in osmotic pressure between the inside and outside of hematoma, and the size of hematoma increases gradually. However, in the RIA with high subdural pressure, the incidence of CSDH may be lower as the difference in osmotic pressure is also low. In other words, through this hypothesis, we can explain why CSDH occurs more frequently in UIA than in RIA; and within the same RIA, why it occurs less frequently in the group where it progresses to hydrocephalus (II~D~, II~E~) compared to the group where it does not (II~C~).

We analyzed distinctively the characteristics of the SFC and progression to hydrocephalus in postoperative CT images to investigate the clinical course, and determined the significant risk factors that have not been evaluated in other researches to date : blood clots in the subdural space, persistence of SFC ≥5 mm, and low subdural pressure. There was a risk of postoperative CSDH even for the RIA when the above conditions were fulfilled ([Fig. 3](#F3){ref-type="fig"}).

However, because serial follow-up through postoperative CT could not be conducted in all patients of UIA in this study, we faced limitations in analyzing the differences between CSDH requiring surgery and CSDH not requiring surgery. Additionally, further studies examining the effectiveness of arachnoid repair and the detailed relations between subdural pressure and incidence of CSDH are deemed necessary.

CONCLUSION
==========

The incidence of CSDH following surgical clipping occurred more often in UIA than in RIA. The present study identified the following independent predicting factors for postoperative CSDH : blood clots in the subdural space, persistence SFC ≥5 mm and male sex in the UIA and blood clots in the subdural space and SFC ≥5 mm without progression to hydrocephalus in the RIA. Blood clots in the subdural space and persistence of SFC ≥5 mm strongly affected both UIA and RIA. However, progression to hydrocephalus may have in part contributed to low CSDH development in the RIA. We suggest that cleaning of blood clots in the subdural space and efforts to minimize SFC ≥5 mm at the end of surgery is helpful to prevent CSDH following aneurysmal clipping.

![The degree of brain atrophy. A : Grade 1 is no atrophy with thickness of sulci of cerebral cortex below 1 mm. B : Grade 2 is mild atrophy with thickness above 1 mm and below 3 mm. C : Grade 3 is definite atrophy with dilated sulci thicker than 3 mm and a widened Sylvian fissure. D : Grade 4 is severe atrophy with the features of grade 3 plus an enlarged subdural space.](jkns-59-458-g001){#F1}

![As the degree of brain atrophy increases, percentages of male sex, age ≥60 years, subdural fluid collection (SFC) ≥5 mm, SFC IB, chronic subdural hematoma (CSDH) development, and CSDH requiring surgery show a tendency to increase.](jkns-59-458-g002){#F2}

![A : The patient was a 66-year-old man admitted to hospital for ruptured intracranial aneurysm of the left middle cerebral artery bifurcation. Hunt and Hess grade is 3 and Fisher scale is 2. B: The attenuation in Hounsfield units of subdural fluid collection from the CT after the clipping surgery is 40. SFC thickness is 8 mm. C : CT taken on the 8th day after the operation. SFC thickness is 10 mm and classification of SFC is II~C~. Hydrocephalus not occurred. The patient was discharged on the 37th day. D : CT taken on the 81st day after the operation when the patient presented with dysarthria. Left chronic subdural hematoma is observed. E : Burr-hole and irrigation surgery was immediately conducted successfully. F : CT taken on the 325th day after the operation. No complication or recurrence of CSDH was observed, and the patient\'s symptoms were completely resolved.](jkns-59-458-g003){#F3}

###### Patient characteristics of all 752 patients who were treated with aneurysmal clipping
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ACA : anterior cerebral artery, CSDH : chronic subdural hematoma, ICA : internal carotid artery, MCA : middle cerebral artery, RIA : ruptured intracranial aneurysm, UIA : unruptured intracranial aneurysm

###### Incidence of CSDH following surgical clipping in UIA and RIA
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CSDH : chronic subdural hematoma, RIA : ruptured intracranial aneurysm, UIA : unruptured intracranial aneurysm

###### Demographics of patients who developed CSDH requiring surgery
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ACA : anterior cerebral artery, CSDH : chronic subdural hematoma, HF : Hounsfield, ICA : internal carotid artery, MCA : middle cerebral artery, RIA : ruptured intracranial aneurysm, SFC : subdural fluid collection, UIA : unruptured intracranial aneurysm

###### Predicting factors for development of CSDH in 368 patients with UIA
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^\*^As a continuous variable measured from the CT image, the Hounsfield unit itself was united in the logistic regression analysis. CSDH : chronic subdural hematoma, SFC : subdural fluid collection, UIA : unruptured intracranial aneurysm, I~A~ : SFC \<5 mm, I~B~ : SFC ≥5 mm

###### Predicting factors for development of CSDH in 384 patients with RIA
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^\*^As a continuous variable measured from the CT image, the Hounsfield unit itself was united in the logistic regression analysis. CSDH : chronic subdural hematoma, SFC : subdural fluid collection, RIA : ruptured intracranial aneurysm, II~C~ : SFC ≥5 mm and absence of hydrocephalus
